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NATIONAL ADVISORY COMMITIEE FOR AERONATJTICS 


TECHNICAL NOTE NO. II89 

PRESSURE -DISTRIE'DTION MEASUREMENTS ON THE EOT/iTHTG 
BLADES OF A SHTOIE -STAGE AXIAL-FLON COMPRESSOR 
By Jack F. Eunckol and Richard S. Davey 


SIM-l^RY 


A prelinlnary investigation has "been made of the pressure 
dlstrihution ahout the mean-radius section oi” the rotating "blades 
of a single-stage axial-flow compressor at a blade Mach number of O.35. 
A 24-cell pressure-transfer device used in obtaining the pressure 
data is described axid the accuracy of those data is established by 
several Independent methods. 

The results obtained Indicated that the maximum' suction pressure 
for the thin low-camber rotor blades tested ( stagger 70°^ and 
solidity^ 0.86, at mean-radius section) was only sligditly greater 
than for the isolated airfoil of the same section. The lift-curve 
slope for the rotor blades ^^as much lovrev than that estimated from 
thfecretlcal calculations for a compsarable two-dimensional cascade, 
Indicating the necessity of using cascade test data to determine the 
ba.ade-angle settings. Stalling of the flaif in the cmpressor was found 
to originate at the root and tip sections of the blade owing to the 
effects of casing boundary layers, improper blade ttri.st, and large 
clearances. 


INTRODUCTION 


Improvement in the performance of axial-flc^r compressors req,uirflis 
infonnation concerning the details of the flow arotuid the blades. 
Because of the difficulty of making measiu'emonts on rotating blades, 
past restaa'ch on blade performance has beon restricted mainl;^ to 
Invostlgsmions of the flow about ctationai'y two-cJmenslonal. cascades 
of airfoils. These studios {references 1 and 2) have yielded valuable 
infcimiaeion cn the fundamentals of airfoil performance as affected 
by the geometry of the cascade. Experimental airfoil data obtained 
in cascade have been used auccessfuily in the design of blading for 
low -speed blowers in which the pressure rise produced and the 
operating condition for best efficiency agi-eed with predictions based 
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on the cascade test data. At high I^ach numbers, however, it is not 
known whether the three-dimensional and centrifiigal effects present 
in rotating machines hut not present in stationaiy cascades will 
invalidate the use of cascade test data. It is considei'ed that these 
effects may also he of importance at low Mach numbers in the region 
of blade stall. An investigation of blade pressuie-distribution 
characteristics for a single-stage axial— flow compressor has been 
started, therefore, at the langley Memorial Aeronautical Laboratory 
with the object of securing blade performance data under actual 
operating conditions, 

A pressure-transfer device capable of simultaneously transferring 
24 pressures from a rotating blade to a stationa.hj’' multitube manometer 
has been developed for this project. The present preliminary report 
briefly describes the pressure— transfer device, tiie tests to establish 
Its accuracy, and its first application in an investigation of the 
blade flow characteristics of a compressor having thin low— camber 
blades of NACA l6-series propeller sections, 

A particular objective of the compressor tests was to determine 
the nature of the bi.ade stall, which appeared to be occurring 
prematurely , The tests were made at a moderate Mach number of 
about Oo35* 


SYMBOIS 


a 


local velocity of sound in air, feet per second 


c 


chord of compressor blade, feet 


Cl section lift coefficient 


Cn section normal-force coefficient 






c 


p 


specific heat at constant pressure, foot-pounds per slug 
per °F , . 


(Net torque = Shaft torque — Measured tare without blades ; 
Tare = Windage on rotor disk + Torque absorbed by pressure- 


transfer device) 
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tip diameter, feet 

acceleration of gra^vlty, feet per second tier second 
Mach maober 

V 3 i±s^s flow, slogs per second 

rotational speed of rotor, revolutions per second 
absolute total pressure, pounds per square foot 
absolute static pressure, pounds per square foot 
atmospheric presv=<uj:*e, poiuids per square foot 
VO lone rate of flow, cubic feet per second 

dynamic pressure, poionds per square foot 

gas constant for air, Btu per pound per 

Reynolds number /-&f A 

Vu mj 

radius, feet 

absolute temperature, absolute 
rotor speed, feet per second 

air velocity relative to casing, feet per second 
air velocity relative to rotor blade, feet per second 
whirl velocity, feet per second 
chordwise distance from leading edge, feet 

equivalent weight flow, pounds per second 

secticn angle of attack, degrees 
stagger aiigle, ' degrees 
ratio of specific heats 
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ratio of inlet, aix' total, pressiore to HACA standard sea- 
ls vs 1 pressure 

e.fficiency vhsre total pressures are weighted aver; 3 ,ges from 


surveys across annulus 




2irn(Wet torquej 


9 ratio of inlet total air tempei'ature to KACA staxidai'd see- 

level temperature 

4 viscosity of air, pound-seconds per squax'e foot 

0 mass density, sl’ogs per second 

0 solidity ('blade chord divided "by gap ‘between "blades) 

0 turning ang.le relative to rotor "blade, degrees 

S'ut.scripts : 

0 sea levei. 

1 inlet measirring station ahead of stator 

2 measuring station "betvreen stator and rotor 

3 outlet measurii2g station behind rotor 

ax ajciai direction 

I orifice on blade surface 

m mean based on average of entering and leaving air vectors 

(see fig. 4 ) 


.fiPPARAHKv 


General airangement. - A diagram of the test setup is shovn in 
figure 1 . The i 2 -inch compressor was driven by a 1000 -horsepower 
electric motor moiuxted on bearings to penait torcue measurements. 

The air from the compressor was decelerated in an 8^ conical diffuse 
straightened in honeycomb vanes, and then accelerated in a 30-inch 
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venturi which permitted accurate determination of the weight flow. 

A second diffiiser downstream from the venturi made it possible for 
the compressor to pump larger weight flows of air than could be 
produced v/ithout the diffuser- venturi system. Bade pressure (and 
hence weight flow for a given compressor speed and geometry) was 
controlled by means of an adjustable plug at the outlet of the 
system. 

Compress or . - A sketch and a photograph of the compressor are 
shown in figures 2 and 3> The compressor consisted of 37 stator 
blades located 6 inches ahead of 2 h rotor blades. The diameter of 
the inner casing was 20 inches and that of the outer casing was 
42 inches, making the root- tip 2?atio 0.68. Figure 2 indicates the 
manner in which the pressure tubing from one of the rotor blades was 
led through a channel inside the rotor disk to the ajcis of the rotor 
and thence to the pres sure -transfer device, Althou,gh operated only 
at 1800 and 2100 revolutions per minute in the present tests, the 
compressor is capable of a maximina speed of about 4000 revolutions 
per minute. The compressor has recently been adapted for blade 
research; it was originally designed and used for other pvirposes. 

The original low-camber blading of the compressor, which was lcnov.n 
to be of poor aerodynamic design, was used in the present exploratory 
tes ts . 


A typical velocity diagram for the mean- radius section of the 
rotor blade is shown in figure 4. It is seen that the stators turn 
the air against the rotor. Values for the velocities and angles of 
figure 4 are given in table I for three operating conditions (A, B, 
and C). The root and tip sections referred to in table I are taken 
1 inch from the casings . The stator blades pi’oduced approximately a 
vortex distrib'ution of tangential velocity. The rotor blades, however, 
produced lower axial velocities near the root than the outer half of 
the blades . 

^ Rotor blades . A photograph of the rotor blades mounted in the 
rotor is shown in figure 3. find a sketch giving additional details 
is shown in figure 5. The blades had a span of about 6.5O Inches 
and a constant chord of 4 inches giving an aspect ratio of 1. 625. 

The blade -angle setting at the hub section was 25.4° measured from the 
plane of rotation and the blade twist was 4.3°, making ^Jle tip angle 
21.1°. The solidity at the mean-radius section was 0.86. The blade- 
section profiles varied from the NACA l6-(6)(09) at the root to the 
NACA 16- (4. 5) (06) at the tip. The mean-radius section was the 
NACA 16- (5. 3) (07.6) , Ordinates for these sections were ohta.inod hy 
the method of reference 5* tlie time the "blades were designed no 
cascade -developed sections of low camher were available. Tip clearance 
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of the rotor hlades avera£;ed about OX^K) inch. One rotor blade 
had 2h surface pressure orifices at ios mean section. (See 

fig. 5.) 


Stator blades . The stator blades were designed with a mean 
line having uhe desired tumlng 8ng2.e, which 'iras obtained from 
reference \ and an NACA 0009-64 section (reference 5) super- 
imposed on this mean line. The solidity at the mean-radius section 
was 1,328. Those blades had the same spjui and clnord, 6.5 inches 
end 4 inches, respectively, as the rotor blades. The blade angle 
setting measured from the compressor axis was 27.7*^ at the hub 
section. The twist was 8.1°, rmhing the tip angle 19.6^. One stator 
blade had 24 surface press;Are orifices at its mean-r? dius section, 
which were located in the SJime relative chordwise positions as those 
on the rotor blade . 

Pressure -transfer d evice.- The pressure- transfer device, 
developed for measuring pressures on rotating propeller and compressor 
blades, empl.oys rotating mercury to provide the necessary seal between 
the rotating and statloiiary parts. The device consists of a rotating 
hollow shaft with a series of integral impeller diehs rotating 
betwoerx fixed annular disks that fortji part of uhc casing. The impeller 
diameter is 3 inches and the over-au. length of the device is 18 inches 

A photograph of the pressure -transfer device with the top of the 
casing removed to show the impellers £md fixed disks is presented in 
figure 6 Each cell formed by a fixed dick and two impellers had a 
small rotating pressure orifice entering into it from the rotating 
hollow shaft and a fixed orifice lead;Lng out through the stati.cnar;>' 
disk. A schematic sketch of a single cell is shcsvn in figure 7- 
The impeller causes tho mercury to rotate and fom an annui.ar seal 
around the periphery of the impeller, thus forming a seeil beuweon 
adjacent cells . The mercury seal, vras capable cf brnnsferring a 
pressure dr’.fforence of about one atmosphere without leaks at 2100 
revolutions per minute, the speed of the present tests. The pressure 
differences that the transfer device is cs,pa,bie of xrtoismltting are 
proportional to the square of the rotational speed. The perfcrmence 
of the transfer device has been investigated in bench tests and 
found satisfactory from 5OO to 6000 revolutions pei- minute. A water 
Jacket is provided for cooling at speeds above 2000 revolutions per 
minute. Tlie device now in use has 24 cells, thus permitting the 
simultaneous trsnsmission of 24 pres.suro3 . 

The cells of the trancifer device can be chocked for .leaks during 
the coLU*se of a series of blade tests by scaling the b.lade orifices 
eind applying px-essure from -he manometer aide. 
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Inntrmentatl? >n. - The pressures obtained through the us© of 
the pressure-transfer device were corrected for the effect of 
centrifugal force acting on the air coluroix in the cormecting tubing 
between the orifice and the pressure-transfer device. As this 
correction involves the temperature of the air column, a calibrated 
Baldwin-Southwark temperature gage was installed inside the rotor 
at the mean rotor radius. The temperature was obtained by measuring 
the resistance across the gage. Thx’ee slip rings were used to 
transmit the potential from the gage in the rotor to a V/lieatstone 
bridge . 

Static- pi-essxu’e orifices were located in the iimer and outer 
casing at the siu’vey stations. Values of total pressure, static 
pressure, and sti’eam angle were determined by the use of survey 
apparatus consisting of total-pressure, static-pressure, and yaw 
tubes in the same radial plane. The sm-vey apparatus was adjustable 
in radial position so that a complete svu’vey across tiae annulus 
coxfLd be made dxirlng a test run. The survey tube at station 2 
was also adjustable tangentially. Survey instx'uments at stations 1 
and 3 vere mounted on one side of the casing and at station 2 on 
the opposite side. 


DEDUCTION OF DATA 


The testing procediu-e consisted of varying the air-flow quantity 
to obtain a range >^f lift coefficients and angles of attack for the 
t©>st airfoil. All tests were run at a constat speed of 2100 
revolutions per minute except one which was I'vn at 1800 I'evolutions 
per minute. Airfoil sxu’face pressures were transmitted by the 
pres sure -transfer device to a multitube manometex’ and photographed. 
These pressxxres wex-e cori-ected for centi-ifxigal effect by means of the 
following equation: 



where 

P 2 true local absolute static pressure at blade orifice, 
pounds per squax'e foot 

p' uncorrected absolute static pressure at manometer, pounds 
per square foot 


ft 
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r* radius to orifices in test blade, feet 

Tg radius to orifice in rotating shaft of pressure-transfer 

device, feet 

T 8 .bsolute mean temperature of air in rotor tubing, °F absolute 

The average value of this correction was about 5 percent of the 
absolute pressure . 

Nondimens ional pressure -distribution diagrsona for isolated 
airfoils are ordinarily based on the dynamic and static pressures of 
the free stream. The static presemre ahead of and behind the airfoil 
is the sarae, and so are the free-atreara velocities and direction of 
flow. In the compi’essor, hovrever, there was a static -pressure drop 
end an increase in air velocity across the stator blades and a static - 
pressure rise and a decrease in velocity across the rotor blades with 
corresponding changes in flow direction. A mean air condition was 
thersfox'e selected as a basis for defining the pressure coefficients 
and angles of attach. This mean air condition is designated by the 
subscript in and is shown on the vector diagram of figure 4 . The 
rotor -blade press'ur'e coefficients u^ed in this report are defined as 

gj - ■ .. 


where 


average static pressure hotween stations 2 and 





at rotor-blade 



Vjjj mean air velocity (see fig. 4 ) 

Pressure distributions based on similar definitions of the mean air 
were used in the case of the stator blade . 
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Section normal— fore© coefficients were obtained by integrating 
the pressure distribution ai’ound the aii'foil 

Pi ~ Pm 
Sn ° 

and the lift coefficient was computed from 

Cl - Cxi cos a 

with the drag neglected. 

A study of the possible sources of inaccuracy for the quantities 
measured in these tests indicated that the engD.es obtained by use 

of the survey apparatus are probably correct to within ^ » There are 
believed to be no significant erroi's in any of the other measurements. 



RESULTS AND DISCUSSION 
Performance of Compressor 


The torque, the pressure rise, and the efficiency characteristics 
of the compressor are shewn in figure 8 as functions of the equivalent 
weight flow. The conditions A, B, and C noted on the figure represent 
operating conditions for which anaJysis is to be made and for which 
detailed data are shown in tabD.es I and II, At condition B the blades 
operate close to peak efficiency. For condition A the weight flow 
was reduced until the compressor etaided to surge and a reduction in 
outlet pressure started to occur. This condition of operation resulted 
in some vibration; however, the vibration was not so violent that the 
machine could not be operated continuously. One of the objectives of 
these tests was to investigate the nature of the incipient blade stall 
at condition A, because the stall was occurring sooner (that is, at a 
higher weight flow and lover outlet pressure) than was expected from 
calculations based on isolated— airfoil maximimt-lift data. Condition C 
was a high— weight-flow low— pressure— rise condition. 


Performance of Pressure— Transfer Device 

As mentioned pi-eviously, the pressures indicated by the pressure- 
transfer device include the centriftigal pressure of the rotating 
column of air in the tube leading from the orifice on the blade Inward 
to the rotor of the transfer device. This centrifugal pressure is an 
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appreciable fraction of the incremental pressures on the rotating 
blade and must therefore be determined accurately. All the quantities 
in the equation previously given for computing the centrifugal effect 
can be determined with a high order of accuracy. The only quantity 
that is difficult to measure is the mean temperature of the air in 
the rotor tubing. In order to establish the accuracy with which the 
centrifugal factor was determined, pressure distributions were 
obtained for the same blade angle of attack at two different speeds, 
1800 and 2100 revolutions per minute. The I'ia.ch number change (O.30 
to 0.35) fcjc" this change in speed was so small as to cause no 
appi'eciable change in the nondimensional pressure distribution. The 
results of this comparison are shown in fig’.ire 9« It is shown that 
the pressure diagrams for the two speeds are identical in spite of a 
large change in the centrifugal factor which increased for a tj'pical 
tube from 86.1 to II8.6 pounds per square foot in going from I80O 
to 2100 revolutions per mJ.nute. The mean dynamic pressures were 
13^.7 £hid 183.4 poimds per square i^oot, respectively, for I800 and 
2100 revolutions per minute. The coincidence of the diagrams of 
figure 9 indicates that the factor was accurately accounted for. 

As ftirther check on the accuracy of the pressure data, the lift 
coefficients obtained from integrations of the pi-essure diagrams were 
compared with lift coefficients calculated from the theoretical two- 
dimensional relation between the lift, the pressure rise through the 
rotor, and the change of tangential velocity produced by the rotor. 
This relation (from referexice l) is 


in which is the mean of the entering and leaving axial-velocity 

components. All the quantities under the radical in this equation 
w'ere measured in the surveys made at stations 2 and 3» It should be 
pointed out that the lift coefficient determined by this relation was 
subject in the present tests to possible error of about ±0.04 due 
primarily to small errors in the measurement of the flow angles. Thus 
only an approximate agreement vrith the p>re 3 sure— distribution data would 
be expected. The lift— coefficient compasrison is as follows: 



Lift coefficient 


Condition 


From Integrated pressure 
disteibutions 


Calculated from 
flow surveys 


C 


B 



0.58 

.hk 
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Within the limit of accuracy of the flow-survey data this comparison 
satisfactorily establishes the accura.cy of the pressure-distribution 
data obtained with the pressure -transfer device. 

A ftirther test of the accuracy of the pressure -transfer device 
has been made in another Installation in which the pressure indicated 
by a rotating total -pressure tube was found to be equal to the 
calculated total pressure. 


Pressure Distribution 

Figure 10 presents rotor -blade pressure -coefficient diagrams 
for mean arjgles of attack ranging from 0.7° to 6 . 3 °. *1116 consistency 

and small scatter of the data are indicative of the precision of 
measurement and the satisfactory performance of the pressure -transfer 
device. The diagram for = 3.0°, c^ = 0.55 shows the flat 

pressure distribution characteristic of the NACA l6-series airfoil 
section when operating near its design lift coefficient (0.53 in this 
case). At angles of attack less than 3.0° suction pross;ire peaks 
develop on the lower siirface near the leading edge and at higher 
angles similar peaks occur on the upper surface of the blade. 

When the angle of attack was increased from k.3° to 6 . 3 °, the 
lift coefficient was found to decrease from O .65 to 0.5^. At first 
glance it wculd appear that stalling of the section had occurred. 
Closer inspection of the diagram for “ 6 . 3 °, however, shows a 

high degree of pressure recovery on the upper surface near the 
trailing edge. If the section were stalled, the pressures for some 
distance ahead of the trailing edge would be equal . As will be 
discussed in more detail later, iliis loss in lift at the mean section 
was found to be associated with stalling of adjacent sections of the 
blade near the root and tip. 

Pressure diagrams for the stator blade are shown in figure 11. 
The peak negative pressure coefficient and the lift coefficient for 
the stator are larger than for the rotor as shown by comparing the 
lower part of figure 11 with figure 9. The actual peak suction 
pressures on the stator, however, are lower than on the rotor as 
indicated in the top part of figure 11; the speed of sound and 
compressibility difficulties would thus occur first on the rotor if 
the speed of the rotor were increased. 

The diagrams shown in figure 10 for conditjons B and C (see 
fig. 8) have been enlarged and compared in figure 12 with calculated 
theoretical diagrams for the NACA l6-(5.3) (07.6) airfoil section 
operating as a two-dimensional isolated airfoil at the same lift 
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coefficient. The method of reference 6 vas used in calculating the 
theoretical diagrams. Unfortunately, no stationary cascade data, 
eitlier exTierlmental or theoretical, were available for comparison 
with the present test results . Tiie calculated pi-essure distribution 
for the isolated airfoil on the suction side is surprisingly similar 
to the rotor “blade data for conditions B and C. (See fig. 12. K It 
mi^it be e3q)ected, of course, that the pressure coefficients aliead 
of the 90 percent station of the test blade would be more negative 
and those behind the 90 percent station would be more positive than 
those in the isolated case because of the pressure rise across the 
rotor blades. The data of figure 12 clearly show this effect on the 
suction side of the blades. 

The positive pressure side of the blade has pressure distribxiticns 
for condii:..rns B and C similar in form to those of the isolated air- 
foil, but the meas-ored pressures are generally more positive in value. 
(See fig. 12.) 

A principal point of difference between the isolated-airfoil 
diagrams for conditions B and C and the test results exists in the 
lift distribution as determined from the difference between the upper 
and l.ower surface pressures. The rotor blades tend to be more highly 
loaded over 'blie forward part of the blade. Toward the rear of the 
blade the loading becomes considerabl.y lower than is indicated by 
the calculation for the isolated airfoil although some decrease in 
loading over the rear portion of an isolated airfoil is indicated 
from wind-tunnel tests. A similar effect was noted in the stationary 
cascade tests of reference 2. This effect can be explained by 
reference to the velocity diagram (fig. 4) which shows that the forward 
part of the blade is subject to a higher velocity W2. It appears 

that a more desirable loading mi^t be achieved through use of a 
camber line having more curvatvire near the rear of the blade. 


Critical Mach Number 

Figm-e 12(b), which shows the pressure diagram for the peak- 
efficiency condition, indicates a slightly higher auction presstire 
on the upper surface of the rotor blade than does the theoretical 
diagram for the lsola.ted airfoil. It would thus be expected that 
the critical Mach number for the rotor blades would be somewhat less 
than predicted from isolated-airfoil data. If it is assumed that the 
rate of increase in suction pressure with Mach luimber is the same for 
the rotor blades as for the isolated airfoil, the critical Mach number 
estim£'.ted by the method of von Kannan and Tsien is found to be 0.69 
as compared with O.72 for the isolated airfoil. It appears that the 
critical Mach number of the rotor blade covild be increased by 
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increasing the camber toward the rear of the blade and thereby 
producing a more uniform loading. 


Lift Characteristics 

The lift coefficients obtained from integration of the pressure 
diagrams are plotted against angle of attack in figure 13 and are 
compared with lift data obtained in tests of the isolated airfoil in 
the Langley 24-lnch hi^-speed tuimel (reference 3.) The tunnel tests 
were run at a Mach number of 0.3 and a Eeynoi.ds number of 700,000, 
conditions closely approaching those of the rotor-blade tests in 
which the Mach nimber varied frcan 0.3 to 0.4l and the Keynolds number 
varied from 774,000 to 929,000. Tunnel test data for the 
NACA 16-(5 )(o 6) and l6-(5)(09) airfoil sect! ons were interpolated 
to obtain the result shown in figure 13 for the NACA l6-(5.3)(07.6) 
airfoil section. The theoretical lift curve for the isolated airfoil 
is also shown. 

Results of lift-cm’ve -slope caQculatlone for cascades of thin 
flat plates given in reference 1 indicate that the theoretical lift- 
curve slope for the stagger and solidity of the present tests is 
considerably greater than that of the isolated airfoil. The 
theoretical lift curve for the flat-plate cascade is shown in 
figure 13. Because of the low camber and thinness of the test blades, 
it is considered that the theoretical lift-citrve slope for the flat- 
pi.ate cascade may be used as a rou^ approiimtion for the test 
blades. Figure I3 shows that the lift-CTjrva slope is lower for the 
rotor -blade test than for the isolated airfoil, and much lower than 
the theoretical slope for the flat-plate cascade . It is evident 
that neither the isolated-airfoil data nor the theoretical cascade 
calculations can be used to predict rotor -blade angle settings and 
therefore cascade test data must be used. 

The maximum lift coefficJent occurring at the mean^dlameter 
section is shown in figure I3 to be 0.68. The stalling lift 
coefficient for the isolated airfoil was about I.06. It was first 
thought that the rotor blade section stalled at a lift coefficient of 
0,68. Study of the pressure diagrams (fig. 10), however, shows clearly 
that the flow is unstalled since pressure recovery on the upper surface 
extends all the way to the trailing edge. It became apparent there- 
fore that a stall must be occurring either at the root or tip section 
in order to account foi’ the surging of the compressor and the decrease 
in ovei’-all total -pressure rise for condition A. In order to investi- 
gate this possibility, the lift coefficients for root and tip sections 
located 1 inch from the inner and outer casings were computed from the 
survey measurements of flow angles and velocities by the relation 
given previously . The resilLts obtained are shown in the following 
table : 
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Root section 


Mean section { 


Tip section 


Condition C 




2.2' 


1.6 

0.5 



0.53 


0.44 

0.43 

Condition B 


deg 

4.5 


3.0 

2.1 



0.74 


0.55 

0.53 


(design ermber) 

0.58 


0.33 

0.47 

Condition A 


Om> <^-Q8 

12.1 1 


6.3 



^Stalled 


0.54 

. fStalled 


^2 

O.lOj 


I O.lh] 


For the low angle of attack condition C and the peak efficiency 
condition B the metm ':md the tip sections operate at about the 
same lift coefficients while the root section operates at a considerably 
larger lift coefficient. For condition B the lift coefficient for 
the mean section was only slightly greater than the lift coefficient 
for which the section was cambered (0.53)* Tho root and tip sections, 
however, operated at lift coefficients considerably hi^esr than the 
values for which these sections were cambered (O.pS and 0.47, 
respectively) . ‘When the wei^^t flow was decreased to that of 
condition A, the sm'ge condition, the table shows that the root section 
became badly stalled, developing a lift coefficient of only 0.10 at 
an angle of attack of 12.1°. A less severe stall occvirred at the 
tip section where the lift coefficient dropped to 0.14 at an angle of 
attack of 4.5°. These root- and tip-section va.lues for condition A 
must be considered only qualitative because of the impossibility of 
accurate flo\y~angle measurements in stalled flow. These large losses 
in lift at root and tip caused a reduction in lift fer the 
entire blade with the result that the lift of the moan section is 
reduced. As previously explained, the root and tip stalls do not 
extend to the mean section for operating condition A, this fact being 
clearly shown by the pressure diagram for = 6.3°. (See fig. 10.) 
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Ilae primary cause of the stalls occurring at the root and tip 
is considered to he the excessive loadln(.>s of the root and tip 
sections in the presence of casing boundary layers which were about 
3/4 inch thick at the entrance tc the rotor. Conti-ibutlng factors 
were the large clearances (I /8 inch) at the rotor-blade root and 
the poor aerodynamic shape of the blade tips. (See fig. 5*) is 
also a,pparent that the root section in particulan was considerably 
under-cambered for the flow conditions which existed. Reference to 
the preceding table shows that the blade twist wa,s not correct in 
that the ilft-coefficlent distribution along tiie blade (for 
condition C or B) did net coni’ orrti to the distribution for which the 
blade wa.s cambered. It is appai-ent that this impropez’ tv^ist aggravated 
the stalling of the blade root and tip sections and hence reduced 
the range of opei’ation of the compressoi-. 


CONCLUDING REMARKS 


A preliminary investigation has been described in which a ziewly 
developed 24-cell pressure-ti'ansfer device was used to determine the 
pressxzre distribution abmzt the mean-radius section of a rotating 
blade in a singj.e- stage eocial-flow compressoi* operating at a blade 
Mach number of 0.39* 'Ihe fact that the pz’essures on the rotating 
blade were correctly Indicated by the pressure- tremsfer device was 
verified by several independent methods. 

Tlie pressure data showed tha,t the roaxlmum suction pressures for 
the rotor blades were only slightly greater than foi'- the isolated 
airfoil of the same section. The 3.if t-curve slope for the thin .low- 
camber b.lades tested was znuch lower than uhe theoreticai. slope of a 
comparable Iwo-dimensional cascade of flat plates, indica,ting that 
cascade test data must be relied on to dete.vmine blade settings. At 
the surge point of the compressor the blades were found to be stalled 
at the root and tip sections but the flow at the inean section was not 
stalled. The presence of cashing boundaiy layers, improper blade twist, 
emd laxge clearances contributed to the stalling of the root and tip 
sections . 


Langley Memorial Aeronautical Laboratory 

National Advisory Comm3.ttee for Aeronautics 
Langley Field, Va., September 11, 1946 


16 


IIACA TN No. 1189 


EEFEREircEG 


1. Weinig, F.: Die Str'diiiuxig van die Schaivfeln von TurDomaschinon. 

Johann Ambrosius Barth (Leipzig) , 1935. 

2. Bogdonoff, Seymovir M. , and Bogdonoff , Hai’riet 25.5 Blade Design 

Data for Axial -F1 ot 7 Fans and Compressors. IJACA ACE Wo. L5F0Ta, 

1945. 

3* stack, John: Tests of Airfoils Designed to Delay the Compressihility 

Bnrhle. WACA TW No. 976, Deo. 1944. (Eeprint of ACE, June 

1939.) 

4. Patterson, G. N. : Note on the Design of Comers in Duct Systems. 

E. (Sc M. No. 1773# British A.E.C., 1937. 

5. Stack, John and ron Doenhoff , Albert E. : Tests of I6 Eelated 

Airfoils at High Speeds. NACA Eep. No. 492, 1934. 

6. Theodorsen, T. , and Garrick, I. E. : General Potential Theory 

of Arbitrary Wing Sections. NACA Eep. Wo. 452, 1933. 


TABLE I 


OF vELOcir/-'VECTOP. lkgeam mmp-. fob cohditioijs a, b, a>d c 



Condition A | 

Condition S j 

1 

Condition 

C 


Root 

I 

Mean 

/ 

Root 

1 ; 

I 

flT) j 

Hoot 

Mean 

Tin 

^ 

HXisA veiocit/ at cj’^vey station 2, 

Y , ft/ sec 

^03. 5 

110.1 

118.5 

134.7 

x3o . 0 

:: j. 

142 . s 

155.2 

159.9 

165.3 

Velocity relative to casing at 
station 2, Yg , ft /sec 

135.3 

135.8 

135 .2 

1 

177.1 

170.0 

163.1 

205.0 

198.2 

190.7 

Velocity relative to rotor at < 

station 2^ Vf^, ft/sec 

384.9 

419.9 

449.1 

421.2 

447.5 

467 . 6 | 

445.9 

470.4 

490.4 

Section angle of attack Lased on 
entering air vector. deg 

9.3 

8.1 

6.5 

6.2 

5*5 

4.0 j 
1 

4.5 

3.4 

2.1 

Stagger angle based on entering 
air vector, P2» *^^0 

74 4 

74.8 

74 .7 

71.3 

70 0 

70 0 

69 .6 

70.1 

70.3 

Mean air velocity relative to 
roror, ft/sec 

37 ^i' .7 

397.4 

436.6 

1 358.0 

400.3 

426 . 8 

397.4 

432.4 

455.2 

Section angle of attack based on 









mean air vector, deg 

12.1 

6.3 

4.5 

4.5 

3.0 

2.1 

2.7 

1.6 

0.6 

Stagger angle based on mean air 
vector, deg 

77.2 

73.0 

72.7 

69.7 

6c .7 

7 C .3 

57.8 

68.3 

68.8 

Axial velocity at sui'vey 
station 3 , , ft/sec 

62.3 

121.9 

141.2 

114.0 

141.2 

145.4 

145.0 

160.1 

164.7 

Velocity'' relative to casing at 
station 3, ft/oec 

93.2 

125.6 

145.6 

114.4 

141.2 

145.6 

148.9 

164.1 

! 

j i66 • 0 

Velocity/ relative to rotor at 
station 3^ I't/sec 

366 .0 

376.3 

i,.pv 0 

296.9 

354.0 

-'P -7 0 

349.3 

395.0 

i 

1 420 . 5 
\ 

Effective fuming an.gle^ 9!?, deg 

0.4 

2.1 

1.2 

7.1 

5.1 

4.0 

J 

i 5-6 

1 

1 4.0 

1 i 

! 4 

i 
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T/iBIE I - Concluded 


SUl-E'IARY OF VELOCITY ‘'/ECTOE DIAGRAM DATA FOP. COIIDITIONS A, B, AJffi C - Concluded 



Co.ndition J 


1 Condition B 

|| Condition C ! 


Boot 

1 

Mean 

Tip 

Boot 

Mean 

Tip 

{Root 

1 Mean 

Tip 

Change in taiigential velocity of 
rotor, A.V, ft/.eec 

11.2 

49.2 

29.6 

125.0 

101.7 

86.7 

100.3 

81.3 

—i 

74.6 

Change in tangential velocity of 
stator, Av, ft/sec 

87.1 

79.^ 

65 . 1 

115.0 

100.9 

78.8 

13^.0 

1 x 7 . .*• 

95.1 

Bo tor speed, U, ft/sec 

284.1 

325.3 

366.5 

28L.1 

325 . 3 

366 . 5 

284.1 

325.3 

366.5 

Section radius, r, ft 

1.20 

1.L8 

1.67 

1 

1.29 

CO 
1 — 1 

1.67 

L. -- ■ 

1.29 

1.48 

J 

1.67 
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TABLE II 

SUMMARY OF COMPRESSOR DATA FOR COWDITTOWS A, B, AWD C 



Condition A 

Condition B 

Condition C 

VJsitxht flow XB/bgc 

40.4 

50.7 

56.6 

Voliime flow at station 1 , 
cu ft/sec 

545 

683 

757 

Inlet density, pj_, 
slags /cu ft 

0 . 0022:52 

0.002270 

0.002305 

Inlet atreeua static pressure. 
Pi - Pa> i’P 

- 14.1 

-21.9 

-27 . 8 

Midstags streain static 
pressure, P2 - Pg^, It/sg ft 

-20.8 

••32.8 

-45.5 

Outlet stream static 
presstu-e, - Pg, It/BT ft 

53-7 

47.0 

25.0 

Stage static -pressure rise 
from survey, Ap, It/sq ft 

67.8 

68.9 

42.8 

Stage total -pres sure rise 
from survey, AP, To/sq ft 

7S.0 

70.2 

56.9 

Total -pres sure coefficient, Cp 

2.120 

1.993 

1.547 

Torque coefficient, C/p 

0.146 

0.162 

0.155 

Total -pressure efficiency, q 

G.837 

G.896 

0.810 

Mean stream static pressijre, 
Pm " Pa’ ft 

16,5 ' 

7.1 

-10.3 

^iean dynamic pressure, qj^, 
It/sq ft 

179.9 

IS3.4 

216.8 

Mean section normal -force 
coefficient, c^^ 

0.543 

0.552 

0.438 

Mean section lift coefficient. 

0.544 

0.551 

0.438 

Mean air Mach numher, M 

0.346 

0.350 

0.382 

Mean air Reynolds number, Ri\j 

773,700 

787,500 

875,000 
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sketch of test arrangement. 
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Figure 2 . Schematic sketch 


of compressor. 
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Fig. 3 



Figure 3.- 


;ar view of compressor with inner and 
outer casing removed. 



station 



Figure 4. Typical velocity diagram for stator and rotor, mean 

radius section. 
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Fig. 5 
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View upstreorn ot station 3 national advisory 
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Figure 5 Sketch of rotor blode showing orifice locations. 
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Figure 6.- Pressure- transfer device with top half 

of casing removed. 
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orifice 
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Figure?. — Schematic diagram of pressure - transfer element 
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Fig. 8 
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Weight floiA/^ 7ngVo/6 ^ !b/szc 

Figure. 8. -Rerformanoe curves for compressor. Rotor 

speed, R/00 rpm. 
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Flgur^ S- Comparwn of pressure coefficients for Tero rotational speeds. 


cx^^ = 3.0° c^-O.JS. 
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Fig. 10 
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Fig. 10 cone. 
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Figure n ' Comparison of rotor and stator pressures. 



(a) Condif/on c , - 0.4^. 

Figure l2rCo/r7par/5on of ffeorztical and ( 2 xpenrMntal pm 55 Um distributions. 
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F/gure /^. - Concluded. 


Fig. 12 cone. NACA TN No. 1189 
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Figure 12. 


•^•2 0 a ^ 6 6 

Angle of attccK , oCjn^ deg 
- Lift characteri5tic5 of rotor diode section. 
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